Sixty strains of Yersinia enterocolitica from five serogroups (0:3; 0:9; 0:8; 0:5; and 0:5,27) and eight non-Y. enterocolitica strains, recovered from diverse sources (humans, animals, food, and the environment) in Europe, Argentina, and the United States, were examined by the pulsed-field gel electrophoresis (PFGE) technique of contour clamped homogeneous electric field electrophoresis (CHEF) by using NotI and XbaI as restriction enzymes. NotI and XbaI generated 36 and 33 restriction endonuclease digestion profiles (REDP), respectively. By combining the results of both enzymes, 42 unique genomic groups were differentiated. DNA fragments were transferred to nylon membranes and hybridized with digoxigenin-labelled oligonucleotide probes to the ail gene and virulence plasmid to determine hybridization patterns and the potential virulence of the strains. The strains were tested for the presence of the plasmid by PFGE-CHEF and phenotypic characteristics encoded for by the virulence plasmid. Thirty of the 60 Y. enterocolitica strains tested harbored the virulence plasmid. The specificity of the ail and pYV probes was 100%o when tested with 68 Yersinia strains and 19 different non-Yersinia strains. Sixteen selected Y. enterocolitica strains were tested for their virulence by lethality in iron-and desferrioxamine-sensitized mice. No correlation between REDP and the virulence of the strains was observed. The observed REDP and the hybridization patterns were very homogeneous within a serogroup and independent of the source of isolation. In addition, PFGE-CHEF was shown to be valuable in identifying and confirming serogroups. Principal component analysis of Dice similarity indices from REDP was an excellent tool for determining genetic relatedness among strains.
The genus Yersinia contains 11 species, 3 of which (Y pestis, Y pseudotuberculosis, and some serotypes of Y enterocolitica) are pathogenic for humans. Y enterocolitica is primarily transmitted by foods (2, 6, 27, 42) although contaminated water (14) and blood transfusions (21, 33) have been implicated in several cases, and it has emerged as a significant food-borne pathogen that is associated with a variety of clinical and immunological manifestations (10) . Y enterocolitica encompasses 57 different serogroups, not all of which can cause disease (43) . Two groups of multiple serogroups are pathogenic for humans: (i) serogroups 0:3, 0:9, and 0:5,27, which are pathogenic but not lethal to mice, and (ii) serogroups 0:4,32; 0:8; 0:13a,13b; 0:18; 0:20; and 0:21, which are highly pathogenic and lethal to mice (10) . In addition, 0:1,2,3 is pathogenic for chinchillas, and 0:2,3 is pathogenic for hares (10) . Other Y enterocolitica serogroups have been isolated from healthy humans.
A prerequisite for expression of pathogenicity is a 70-kb virulence plasmid (pYV), which is commonly present in all pathogenic Yersinia spp. (12, 44) . Plasmid pYV is associated with phenotypic characteristics such as low calcium response at 37°C (16) , autoagglutination at 37°C (26) , binding of Congo red at 37°C (38) , and absence of pyrazinamidase activity (23) . Several animal models including the guinea pig conjunctivitis model (Sereny test) (44) , mouse intraperitoneal challenge, and mouse diarrhea and splenic infection following oral challenge (3) have also been used in the study of Yersinia pathogenicity.
The presence or absence of pYV has often been used to * discriminate between virulent and nonvirulent Y enterocolitica strains (22, 24, 29) . However, methods based on the detection of the virulence plasmid or the expression of plasmid-encoded properties may lead to false-negative results, because the plasmid is easily lost during repeated subculturing (36, 44) . More recently, plasmid-independent properties were shown to be involved in Y enterocolitica pathogenicity (17, 19) . The chromosomal gene ail (adhesion-invasion locus) (31) was shown to be restricted to strains of serotypes associated with disease (32) . Therefore, we used DNA probes homologous to the virulence plasmid and the ail gene to determine specific hybridization patterns and the potential virulence of strains.
The present study was undertaken to develop a molecular characterization strategy for Y enterocolitica that provides (i) highly reproducible, discriminatory subtyping, (ii) patterns for determination of the potential virulence, and (iii) an overview of genomic relatedness among phenotypically similar yersiniae. 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (Sigma) (26) . Strains were positive if autoagglutination occurred when strains were grown at 37°C but not at 250C.
MATERMILS
Low calcium response. Organisms were grown on brain heart infusion agarose (BHO) which was prepared with agarose type V (Sigma), at a final concentration of 1.2%, and brain heart infusion (BHI) broth (Difco Laboratories, Detroit, Mich.) supplemented with 0.1% magnesium chloride (Difco) (5) . When incubated at 370C for 24 h, plasmid-bearing strains formed pinpoint colonies while calcium-independent strains measured more than 1.5 mm in diameter.
Pyrazinamidase. The pyrazinamidase test was done as described by Kandolo and Wauters (23 PFGE. Preparation of DNA in agarose plugs, digestion, and fractionation of the resulting fragments were done by using a protocol previously described (9) .
Plasmid analysis. DNA for plasmid analysis was prepared in agarose plugs, by using bacterial cultures at a concentration of about 109 CFU/ml. The intact, uncleaved genome DNA, was analyzed by the PFGE technique of clamped homogeneous electric fields (CHEF). An electrophoretic regimen of 200 V for 21 h at a temperature of 18°C and a switching time from 1 to 40 s was employed so that the circular plasmid could migrate into the agarose gel. The gel was stained and photographed as described previously (9) . To verify that the visible band was pYV, DNA was transferred to a nylon membrane by the method of Southern (41) (11) . RESULTS 
AND DISCUSSION
Analyses of genomic fingerprints of Y. enterocolitica and other Yersinia spp. PFGE was used for molecular characterization of yersiniae because it is a reproducible, highly discriminatory typing method (40) that allows subtyping of strains belonging to the same serogroup or biogroup (9, 20) . In the present study, 60 strains of Y enterocolitica consisting of five different serogroups and eight other Yersinia spp. were examined with the low-frequency cleavage endonucleases NotI and XbaI ( Fig. 1 and 2 ). NotI (9, 20) and other bacterial pathogens such as Leptospira (18) and Listeria (8) (13) . In contrast to results published by Dolina and Peduzzi (13) that strains of biogroups 4 and 2 are closely related, our results showed that strains belonging to serogroups 0:3 (biogroup 4) and 0:9 (biogroup 2) are genomically clearly separated. Visual comparison of REDPs, as well as the principal component analysis, showed distinct differences between serogroup 0:3 (biogroup 4) and 0:9 (biogroup 2) strains (Fig. 1, 2, and 4) .
A close relationship between Y enterocolitica serogroups 0:9 and 0:5,27 (Fig. 4) , consistent with their biochemical characteristics, was found. Y enterocolitica strains of serogroups 0:9 and 0:5,27 displayed only one RFLP type (1). Our results underscore the close relatedness of these two serogroups but also show the discriminatory power of PFGE-CHEF, which was able to differentiate among REDPs of strains of serogroups 0:9 and 0:5,27 ( Fig. 1 and 2 ). Plasmid screening. Another aim of this study was to use PFGE-CHEF to screen strains for the presence of pYV, since conventional methods for extracting large plasmids are tedious. Baril et al. (4) and Ferdows and Barbour (15) reported that small circular plasmids (<50 kb) display aberrant mobilities in PFGE gels while large circular molecules do not migrate into the agarose gel. We demonstrated that pYV of Y enterocolitica, which has a size of approximately 70 kb, can be detected when highly concentrated and cleaved genomic DNA is subjected to PFGE-CHEF. Because of its aberrant mobility in the circular form, it was detected at the 400-kb size range for linear DNA molecules (Fig. 5A) . Hybridization with the pYV probe confirmed that the visible band was the virulence plasmid (Fig. 5B) . All 30 strains which exhibited phenotypic properties encoded for by pYV (autoagglutination, low calcium response, and Congo red binding) were positive for the plasmid by PFGE-CHEF and pYV hybridization. Strains of Y ruckeni and Y intermedia each carried one plasmid that was larger (apparent mobility of 450 kb) and Y frederiksenii carried two plasmids that were smaller (apparent mobilities of 250 and 300 kb) than pYV of Y enterocolitica ( Table 2 ). The plasmids found in other Yersinia spp. did not hybridize with the pYV probe.
Phenotypic virulence characterization. All strains were tested for autoagglutination at 37°C, for low calcium response at 37°C, for Congo red binding at 37°C, and for the ability to produce pyrazinamidase at 25°C. Of the 60 Y enterocolitica strains, 30 were positive for autoagglutination, low calcium response, and Congo red binding, and 30 were negative (Table  1 ). In the pyrazinamidase assay, which has been correlated with the ability of the strain to harbor the virulence plasmid and not with the presence of the virulence plasmid itself (23), 54 of the 60 Y enterocolitica strains were negative and 6 were positive (Table 1 ). All eight strains of the other Yersinia spp. were negative for autoagglutination, low calcium response, and
Congo red binding (Table 2) 0:9 (six strains), and 0:5,27 (two strains), and 10 different REDP groups were subjected to a mouse virulence assay. Nine of the tested strains were negative for all plasmid-dependent properties but positive for hybridization with the ail probe; eight of these strains were negative and one was positive in the pyrazinamidase assay. All nine strains showed no virulence in the in vivo test. Seven of the tested strains were positive for pYV and hybridization with the ail and pYV probes but negative in the pyrazinamidase assay. Five of these strains were virulent in the mouse assay; two were avirulent (Table 3) . No correlation between REDPs or REDP groups and the virulence of the strains was observed. For example, three REDP group XbaIl-NotIl strains were virulent to mice and two were avirulent. The three plasmid bands in the REDP are not easily discernible because of comigrating fragments, which explains why pYV-positive and pYV-negative strains are classified in the same REDP group. These results confirm that pYV is required for virulence (12, 35, 44) as all of the mouse-virulent strains were positive for pYV and other plasmid-related properties (Table 3) (Tables 1 and 2 ). The XbaI digests, respectively (Fig. 1, 2, and 3 ). For serogroup 0:9 specificity of the ail probe for identifying strains of Y enterostrains, two groups of closely related REDPs were generated colitica associated with disease was 100%. by NotI and XbaI. Strains with highly related REDPs yielded These results are in agreement with those obtained with comparable hybridization results. In one group, the ail se-32P-labelled ail-specific polynucleotide probes (31, 32) and quence was found in fragments with sizes of ca. 35 and 194 kb those obtained by PCR (25) . Thus, the ail gene seems to be a Fig. 1 and 2 ). All 30 strains harboring pYV, as determined by phenotypic characterization and by PFGE-CHEF, hybridized with the pYV probe, whereas all strains lacking the pYV were negative (Tables 1 and 2 labelled pYV-specific oligonucleotide probe used in a colony blot hybridization assay. pYV of Y enterocolitica contains three cutting sites for XbaI, resulting in fragments with sizes of approximately 5, 12 , and 50 kb (37) . The pYV probe used in this study hybridized to the 50-kb fragment (Fig. 2) .
The hybridization patterns of different strains of Y enterocolitica revealed highly homogeneous hybridization patterns within strains of the same serogroup ( Fig. 1, 2 , and 3B and D). In NotI digests, the hybridization patterns of serogroup 0:3 strains and one REDP group of serogroup 0:9 strains were identical ( Fig. 1) . Only within strains of serogroup 0:8 did the DNA probes hybridize to fragments with different sizes (Fig.  1) . Additionally, Y enterocolitica strains isolated from animals, the environment, food, and humans yielded the same hybridization patterns. Thus, hybridization patterns appear to be independent of their sources of isolation. Similar results were obtained for hybridization patterns of E. coli in which strains isolated from humans and animals did not differ significantly (34) .
PFGE-CHEF and hybridization patterns with virulenceassociated gene probes proved to be a reproducible, discriminatory method for subtyping strains belonging to the same serogroup and providing information on the potential virulence of Y enterocolitica isolates. The genetic relatedness of strains as determined by principal component analyses was in agreement with the phenotypic characteristics of Y. enterocolitica, such as serogroups, biogroups, and phenotypic virulence properties.
